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This program determines system parameters, such as corner periods, damping constants, poles and zeros of the transfer function of analog filters or seismometers, by modeling the response of the system to an input signal in the time domain, and fitting it to the observed output signal. The input signal and the response must be available as digital records. The test signal may be generated by any practical means, even by operating a switch or a potentiometer by hand; it must however contain sufficient energy at frequencies of interest.

NEW VERSION, June 2012: CALEX now accepts zeros at complex frequencies, such as introduced into the transfer function of feedback seismographs by an inverse filter in the forward path (present in the STS1 and STS2 seismometers). Such zeros are always paired with nearby poles and do not substantially change the response at real frequencies; still they may be needed for an accurate description.

The program requires three input files in ASCII format:

-
A file ‘calex.par’ containing numerical parameters for the inversion and start values for 

     the system parameters. This is only a default name; a different name for the parameter file can be entered as a runstring.

-   An input file, here referred to as ‘eing’, containing the test signal (stimulus)

-   An output file, here referred to as ‘ausg’, containing the response of the seismometer

The names (and paths) of the input and output files are specified in the calex.par file. 

The following output files are generated:

’einf ’ :
a low-pass (anti-alias) filtered version of ‘eing'

‘ausf ' :
a low-pass filtered version of ‘ausg’ for direct comparison with ‘synt’

‘synt ’:
the synthetic output signal. If this does not fit the signal


‘ausf ' at all then you probably have made a mistake in defining the system.

                     With maxit = 0 in the parameter file, synt will contain the initial fit,

                     so you can check how good your start parameters are.

’rest ’:
the residual. These files have the same format as ‘eing’ and ‘ausg’.

‘calex.out ’: a protocol of the inversion, identical to the printout on the screen. Its central section lists the number of the iteration, the rms residual error (normalized to the rms output signal), and the normalized values of the active parameters. The absolute value of each parameter (as given at the end of the inversion) is: 


start value + normalized value * uncertainty (the uncertainy is also search range in each step of the iteration).

Format of the DATA FILES (SEIFE format)

The structure of the data files is as follows:

· one header line, arbitrary (will be echoed but not evaluated)

· one line containing the number of samples, the FORTRAN format in which they are listed, and the sampling interval. These three entries must be in the FORTRAN format (i10,a20,f10.x). Additional optional parameters are the time of the first sample in minutes and seconds after midnight, in which case the format is (i10,a20,3f10.x). The timing information is however ignored by CALEX. 

· data in the specified format

CALEX also accepts data in the ASL (Peterson) format, such as generated by Quanterra’s CIMARRON software from MINISEED files. The data format can of course be modified in the source code.

Format of the PARAMETER FILE

Calex.par contains different types of lines:

· a header line. Printed but not evaluated, except if it begins with <pzmode>, indicating a slightly enhanced version of the parameter file where the number of first-order pole-zero pairs, mz1, and that of second-order pairs, mz2, are listed after parameters m1 and m2. These two numbers are only used for a consistency check. Otherwise, <pzmode> makes no difference. 

· two lines with the names (paths) of the input (stimulus) and output files. File names containing non-alphanumeric characters (if accepted by the operating system) should be enclosed in single quotes beginning in the first column.

· An optional line with the keyword ‘trace’ (without quotes), causing verbose echoing of the input parameters

· four lines with required parameters for the inversion

· a variable number of lines describing the system as a chain of first-order and second-order modules (subsystems), each module requiring a keyword line defining its type (such as hp2 for a second-order high-pass) and one, two, or four lines with three parameters each, and finally,

· the end line (with the keyword ‘end’, without quotes)

Lines beginning with a blank are considered as comments and ignored. The control parameters (one parameter per line, flush left) are:

alias:
the corner period of the numerical anti-alias filter that is part of the CALEX routine. Must be at least four times larger than the sampling interval. This filter is required because the bandwidth of the simulated system must be smaller than the Nyquist bandwidth. The program determines the order (steepness) of the filter so that the Nyquist condition is satisfied.

m:
the number of active (unknown) parameters in the inversion. The set of parameters comprises a gain factor, a constant delay, two parameters for the correction of  experimental biases, plus the unknown corner periods and damping constants. Any selection of these may be declared active, that is, be specified with a nonzero uncertainty. The program will fit only the active parameters and leave the passive unchanged.

m0:
number of additional powers of the Laplace variable s in the numerator of the transfer function, equivalent to forming the m0-th time derivative of the signal. 

ml:      number of first-order high-pass or low-pass subsystems in the transfer function. A corner period must subsequently be specified for each of these.

m2:      number of second-order high-pass, low-pass or band-pass subsystems in the transfer function. A corner period and a damping constant (fraction of critical damping) must subsequently be specified for each of these.

mz1 (pz mode only): number of  first-order pole-zero pairs (first-order equalizers)

mz2 (pz mode only) : number of second-order pole-zero pairs (two zeros and two poles,

                                   second-order equalizers)

maxit:    the maximum number of iterations in the conjugate-gradient optimization procedure

qac,

finac:

the iteration stops when the improvement in the rms misfit in a certain number of steps becomes less than qac and the normalized parameters change by less than finac.

nsl,

ns2:
the residual is minimised  in a time window from sample nsl to sample ns2. Values 0 mean first resp. last sample. If the system was not quiet at the beginning of the record, ns1 must be chosen so that the transient response to all previous input is ignored.

The program will stop with an error message if the modules required by the numbers m1, m2 and in ‘pz mode’ also mz1, mz2 are not subsequently defined. Pole-Zero pairs are correctly handled in both modes but their number is checked against previously given parameters only in pz mode.

The system parameters are specified as follows: a line with nam val unc (three entries separated by spaces) where nam is an arbitrary name (three characters), val is the initial value of an active parameter resp. the fixed value of a passive parameter, unc is the estimated uncertainty (the search range) for an active parameter and zero for a passive parameter

Four system parameters are always required:

amp
a gain factor (not the generator constant of the sensor). The start value may be 

 
estimated from the amplitude ratio between output and input.

           The meaning of the 'amp' parameter is different for different experiments

           (electrical or mechanical input, etc.). When a broadband-velocity seismometer

           with the asymptotic (practically, mid-band) generator constant G is tested 

           on a shake table that has a displacement transducer, two possible cases are: 

       a) the displacement transducer has an electric output of D volts per meter

            and its output signal is recorded with the same digitizer as the seismo- 

            meter output. Then amp = G / D.

       b) The displacement transducer is digital, or has a separate digitizer, with

            a responsivity A counts per meter. The seismometer output is digitized 

            with C counts per volt. Then amp = C * G / A.

del
a time delay, normally used to describe the delay of low-pass filters in the system that

are not explicitly specified. Any skew in the sampling of the digitizer channels, or other differential delays, may also be included here. If you don’t want to use this parameter, set its initial value and uncertainty to zero. Its use is however recommended because this improves the mathematical model of your system.

sub
the fraction ‘sub’ of the input is subtracted from the output, to numerically simulate a 

full bridge when a half-bridge circuit was used. Set start value and uncertainty to zero if  no bridge circuit was used.

til
This parameter permits to subtract ‘til’ times the twice-integrated synthetic output 

            from the original synthetic output signal, to compensate for the tilt of a shake table. Set 

start value and uncertainty to zero if you did not use a shake table. til is in units of mi              croradians per millimeter of table motion provided that the motion of the table, the gravitational force coupled in by tilt, and the sensitive axis of the seismometer have the same direction. More generally, til is (tilt along the sensitive axis) per (table displacement along the sensitive axis), in the above units.

The number and arrangement of the optional system parameters depends on the system to be modelled. Specify all first-order subsystems (including first-order pole-zero pairs) before all second-order subsystems. The parameter lines for each subsystem must be preceded by a line defining the type of the subsystem: lp1, hp1, 1p2, bp2, or hp2 where lp1 denotes a low-pass filter of first order, etc. Example:

lp2

per  30.       1.

dmp
0.707     0.01

for a second-order low-pass subsystem. The damping parameter appears only in second-order subsystems. The names must not begin with a blank. The parameter name has three characters, followed by two spaces. Start parameters and their uncertainties occupy ten positions each.

NEW VERSION: the program recognizes the additional subsystems pz1 and pz2 (first- and second-order equalizers represented by pole-zero pairs). Examples (txx is the corner period and dxx is the numerical damping):

pz1

tp1  2.5       0.2

tz1  3.0       0.2

pz2

tp2  2.5       0.

tz2  3.0       0.5

dp2  0.5       0.

dz2  0.7       0.1
Each parameter of a zero must follow immediately after the corresponding parameter of the pole. Poles and zeros of the same subsystem may be identical, in which case the subsystem has no effect (this is useful as a start configuration). Poles of different subsystem must be different, or the program will fail with an error message. Note also that the internal anti-alias filter (a higher-order Butterworth low-pass filter) introduces additional poles which must not be duplicated by other subsystems.

You may include any (reasonable) number of subsystems such as analog filters in the analysis, by simply appending their definition and their parameters to the calex.par file. The parameters m, ml and m2 must be specified accordingly. The program will check the number of active parameters (defined by nonzero uncertainty) and the number of subsystems of first and second order, and complain if there is a discrepancy. For the pole-zero pairs, such a check occurs only in the pz mode defined by the keyword <pzmode> at the beginning of the header line.

In the unlikely event that you want to use more than 36 system parameters, more than 12 active parameters, or more than 800 000 data samples, you must change the array dimensions in the source code and recompile it (or ask me to do it).

Example for a parameter file

A complete parameter file is given below. The seismometer is described as a bandpass filter (which it actually is when excited over the calibration coil). Alternatively it could be described as a low-pass filter with an additional differentiation (m0=1). The gain factor amp would be different in these cases. Note that the gain is only a fitting parameter here, it is not the generator constant of the sensor.

Calibration of the broadband (20 sec) seismometer STS-1 No.14

‘eing’   input file

‘ausg’   output file

1
alias

4
m

0
m0

0
ml

1
m2

48
maxit

le-5
qac

le-2
finac

1
ns1

0
ns2

amp  1.3       0.10

del  0.01      0.01

sub
0.        0.

til
0.        0.

bp2

per  20.       1.

dmp  0.7       0.1

end
An example for a parameter file with a pole-zero pair near 3 (imaginary) Hz, supposed to describe the short-period response of an STS2 seismometer. The nearly correct initial values for the parameters are based on preceding runs of CALEX with wider search ranges.

<pzmode> calibration of an STS-2 SN10424  (synthetic HF sweep)

BFO\HLZ_QT1.sfe              input to seismo (file name)

BFO\HHZ_QT1.sfe              output from seismo (file name)

0.02    alias

5    m

0    m0

0    m1

2    m2

1    mz1

0    mz2

300   maxit

1e-5    qac

1e-3    finac

801     ns1

3800    ns2

amp  390.       10. 

del  0.0011     0.

sub  0.         0. 

til  0.         0.

pz1

tpo  0.32       0.01

tze  0.32       0.01

lp2

tlp  0.017      0.0005

hlp  0.31       0.003

bp2

tbp  120.       0.

hbp  0.707      0.

End

Note

In addition to modeling the response, CALEX removes a second-order polynomial trend, which is favorable when this trend is due to thermal drift or other disturbances. Under certain circumstances, however, an apparent polynomial trend may be part of the desired signal and its removal can deteriorate the result. In that case, trend removal should be limited to orders  1 (linear trend) or 0 (mean) in the call to subroutine POLYTREND. This parameter can only be changed in the source code.

Download

Download source code, executable, and test data from

http://www.software-for-seismometry.de/
Other versions of this program:

qcalex   models quadratic and cubic distortions in the output signal (in addition to the

              the linear response modeled by calex)

trical     analyses the responses of the x, y, z outputs of a homogeneous-triaxial seismo-

              meter to a “vertical” electric input signal (with all three calibration coils in parallel).

              The method was introduced by Peter Davis, UCSD, and permits a calibration of 

              all three components without the application of  “horizontal” electric input signals.

1
7

